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 Phase equilibria of the coal–petcoke
gasiﬁer slags were experimentally
studied.
 CaO and FeO increased the liquid slag
phase ﬁeld in compositions studied.
 The mullite crystal formation was
suppressed in slags with >9 wt.% FeO.
 Karelianite precipitates were present
if slag contained >2 wt.% V2O3.
 Isothermal phase diagrams at 1500 C
in 108 atm Po2 were constructed.g r a p h i c a l a b s t r a c ta r t i c l e i n f o
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Thermodynamic phase equilibria in synthetic slags (Al2O3–CaO–FeO–SiO2–V2O3) were investigated with
0–27 wt.% vanadium oxide corresponding to industrial coal–petroleum coke (petcoke) feedstock blends
in a simulated gasiﬁer environment. Samples encompassing coal–petcoke mixed slag compositions were
equilibrated at 1500 C in a 64 vol.% CO/36 vol.% CO2 atmosphere (Po2  108 atm at 1500 C) for 72 h,
followed by rapid water quench, then analyzed by inductively coupled plasma optical emission spec-
trometry, X-ray diffractometry, and scanning electron microscopy with wavelength dispersive spec-
troscopy. With increasing CaO content, FeO content, or both; the slag homogeneity region expanded
and a composition range exhibiting crystals was reduced. The mullite (Al6Si2O13) crystalline phase was
not present in the slags above 9 wt.% FeO while the karelianite (V2O3) crystalline phase was always pre-
sent in compositions studied if a sufﬁcient amount of vanadium existed in the slag. Based on the present
experimental equilibrium evaluation, a set of isothermal phase diagrams showing effects of CaO and FeO
on thermodynamic phase stabilities in the vanadium-bearing slags is proposed. Some uses of the dia-
grams for potential industrial practice are discussed.
Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.
org/licenses/by/4.0/).ERGY at
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Table 1
Compositions of industrial coal and petcoke ashes found in the U.S. and Canada.
(wt.%) U.S. coal ash U.S. petcoke ash Canadian coal ash Canadian petcoke ash
Reference [4] [5,6] [7,8] [9,10]
Ash components Average Min Max Average Min Max Average Min Max Average Min Max
SiO2 43.6 7.1 68.5 13.6 1.6 23.6 52.0 35.5 67.3 41.4 37.0 50.1
Al2O3 25.1 4.1 38.6 5.6 0.5 9.4 18.6 16.3 20.3 19.6 14.4 24.9
TiO2 0.6 0.0 3.7 0.2 0.0 0.4 0.7 0.5 0.8 2.3 0.6 4.8
Fe2O3 17.0 2.1 69.7 9.3 2.5 31.6 9.4 2.6 32.0 9.9 7.4 12.1
CaO 5.8 0.5 45.1 5.4 2.2 11.9 6.9 2.3 13.6 5.1 1.6 15.8
MgO 1.2 0.0 8.0 1.2 0.2 5.1 1.4 0.9 2.7 1.9 1.3 3.9
Na2O 0.3 0.0 6.5 0.7 0.1 1.8 1.9 0.4 6.0 1.2 0.7 1.7
K2O 0.4 0.0 3.5 0.6 0.3 1.2 1.4 0.3 2.3 1.6 0.9 1.9
SO3 4.1 0.0 32.3 3.8 0.8 13.8 4.5 1.1 14.3 2.6 1.9 7.1
P2O5 0.1 0.0 8.0 – – – 0.2 0.0 0.6 0.1 0.0 0.4
NiO – – – 8.8 2.9 12.0 0.0 0.0 0.0 1.9 1.1 2.6
V2O5 – – – 49.4 19.7 74.5 0.0 0.0 0.0 10.1 3.2 20.3
Total 98.3 98.6 97.1 97.8
SiO2/Al2O3 1.73 2.45 2.79 2.11
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Fig. 1. Distribution of industrial coal and petcoke ash compositions with the SiO2/
Al2O3 ratio (dotted line) considered in this work.
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Fig. 2. Distribution of industrial coal and petcoke ash compositions along with the
3 levels of CaO concentrations (dotted lines) considered in the present work.
Table 2
Sample compositions by ICP–OES (wt.%). Equilibrium phases determined by XRD and
SEM–WDX at each composition are indicated as S = liquid slag, M = mullite, and
K = karelianite.
Sample
ID
Al2O3 CaO FeO SiO2 V2O3 Total SiO2/
Al2O3
Phases
determined
C6-1 28.71 5.27 4.88 59.26 1.89 100 2.06 S + M
C6-2 27.61 5.29 8.10 58.89 0.00 100 2.13 S + M
C6-3 25.38 5.38 4.71 47.96 16.57 100 1.89 S + K + M
C6-4 25.82 5.69 2.22 60.91 5.36 100 2.36 S + K + M
C6-5 22.22 5.75 6.66 46.32 19.06 100 2.08 S + K
C6-6 26.46 5.97 6.88 55.12 5.56 100 2.08 S + K + M
C6-7 22.92 6.16 6.81 50.00 14.11 100 2.18 S + K
C6-8 25.16 6.23 9.32 59.24 0.00 100 2.35 S
C6-9 20.57 6.40 5.87 42.88 24.29 100 2.08 S + K
C6-10 21.12 6.41 10.50 44.74 17.22 100 2.12 S + K
C6-11 17.81 6.53 12.48 38.33 24.85 100 2.15 S + K
C6-12 22.98 6.57 9.28 49.94 11.23 100 2.17 S + K
C6-13 24.10 6.62 9.75 55.19 4.34 100 2.29 S + K
C6-14 24.31 6.69 1.53 59.24 8.22 100 2.44 S + K + M
C13-1 22.16 11.46 1.47 52.75 12.17 100 2.38 S + K
C13-2 24.30 11.52 2.15 62.01 0.00 100 2.55 S
C13-3 16.73 11.86 8.43 35.75 27.22 100 2.14 S + K
C13-4 17.71 11.86 2.41 41.59 26.43 100 2.35 S + K
C13-5 21.88 12.20 5.04 49.60 11.28 100 2.27 S + K
C13-6 20.30 12.34 3.53 41.84 22.00 100 2.06 S + K
C13-7 16.49 12.51 13.42 38.77 18.81 100 2.35 S + K
C13-8 23.44 12.56 1.80 58.22 3.98 100 2.48 S + K
C13-9 24.90 12.80 3.50 54.26 4.54 100 2.18 S + K
C13-10 18.88 12.90 12.16 41.81 14.25 100 2.21 S + K
C13-11 27.65 13.12 3.87 55.32 0.00 100 2.00 S
C13-12 20.88 13.17 1.75 52.31 11.89 100 2.51 S + K
C13-13 23.00 13.29 6.74 56.94 0.00 100 2.48 S
C13-14 16.13 13.29 14.14 36.14 20.29 100 2.24 S + K
C13-15 25.19 13.73 4.28 50.87 5.93 100 2.02 S + K
C20-1 23.67 17.88 1.47 56.95 0.00 100 2.41 S
C20-2 17.41 18.33 5.06 35.41 23.80 100 2.03 S + K
C20-3 24.87 18.72 2.67 53.72 0.00 100 2.16 S
C20-4 22.33 19.10 1.64 53.08 3.84 100 2.38 S
C20-5 20.49 19.56 1.45 50.62 7.86 100 2.47 S + K
C20-6 21.74 19.66 3.12 43.70 11.79 100 2.01 S + K
C20-7 19.20 20.19 2.20 43.09 15.33 100 2.24 S + K
C20-8 22.72 20.89 6.18 50.11 0.00 100 2.21 S
C20-9 18.00 21.28 8.12 42.96 9.64 100 2.39 S + K
C20-10 22.95 21.37 4.67 45.17 5.84 100 1.97 S
C20-11 16.77 21.69 9.50 33.34 18.70 100 1.99 S + K
C20-12 20.87 22.47 3.64 48.81 4.19 100 2.34 S
C20-13 14.41 22.52 10.04 30.52 22.52 100 2.12 S + K
Average 2.23
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Integrated Gasiﬁcation Combined Cycle (IGCC) [1,2] is consid-
ered a clean technology for power and chemical production, with
almost all the hazardous emissions effectively captured. During
IGCC operation; water, oxygen (below theoretical combustion
quantities), and a carbon feedstock are fed into a gasiﬁcationchamber; resulting in synthesis gas (syngas), which consists pri-
marily of hydrogen and carbon monoxide – compounds that are
used as a fuel in turbines generating power or as a feedstock in
SiO2
Al2O3
V2O3
FeO
T = 1500 °C 
Po2  = 10-8 atm
CaO = 6, 13, 20 wt.%
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Fig. 3. A schematic Al2O3–FeO–SiO2–V2O3 diagram with ﬁxed CaO content showing
the compositional plane considered in this work.
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366 J. Nakano et al. / Fuel 161 (2015) 364–375chemical production. In entrained ﬂow slagging gasiﬁers,
non-volatile impurities from feedstock ashes are intended to form
molten slag, contributing to refractory liner degradation and
potential gasiﬁer clogging. While maintaining system efﬁciency,
the gasiﬁcation temperature is also controlled to induce sufﬁcient
slag ﬂuidity, facilitating a downward slag ﬂow toward the exit
along the refractory lining of the gasiﬁcation chamber. Molten
slags, thus, continuously interact with the protective liner materi-
als. Entrained ﬂow slagging gasiﬁers are typically operated at tem-
peratures between 1325 and 1575 C in a partial pressure of
oxygen ranging around 109 to 107 atm [3]. Petroleum coke (pet-
coke) is an increasingly popular feedstock as an economical addi-
tive or alternative to traditional coal feedstock. The chemistry of
the resulting slag is dramatically different from traditional coal
gasiﬁer slags due to the high vanadium content of petcoke ashes,
which leads to uncertainty in gasiﬁer performance. Understanding
the thermodynamic nature of the vanadium-rich slags is necessary
to optimize gasiﬁer design and operation. However, there is no
commercially available thermodynamic database for vanadium-
containing slags.
Composition ranges of selected ash constituents found in the
U.S. and Canada are summarized in Table 1. U.S. coal ash data were
taken from Selvig and Gibson [4] where over 300 coal samples
across the U.S. were statistically analyzed. Chemistries of U.S. pet-
coke ashes from delayed coke, shot coke, ﬂuid coke, and ﬂexicoke,
were reported by Bryers [5] and Swanson and Hajicek [6]. Cana-
dian coal ash compositions are representative of Canadian thermal
coals [7,8]. The coals considered include sub-bituminous coals
from Alberta, lignite coal from Saskatchewan and bituminous coals
in use in Nova Scotia. Canadian petcoke ash compositions [9,10]
are representative of delayed and ﬂuid cokes from Alberta oil sandsCu cooling tube Resistan
FurnaceAl2O3 tube 
Thermocouple (type B)
Gas outlet
Resistan
Furnac
(Not to sc
Fig. 4. Schematic illustration showing an instrumoperations and a petcoke in use at an eastern Canadian power
utility.
Thermodynamic equilibrium data enable predictions of the
crystal type and its amount, which may form in slags during gasi-
ﬁer operations. Slag viscosity is one of the key properties to control
ﬂuid slag ﬂow toward the gasiﬁer exit and to control slag penetra-
tion into refractory pores and grain boundaries [11]. Slag penetra-
tion into the refractory is a key process contributing to materials
degradation. The viscosity, in general, decreases with increasing
temperature and increases with higher crystal content [9,12]. In
addition to temperature, the viscosity is largely governed by the
slag chemistry and basicity (a ratio of network breaking cation oxi-
des to acidic network formers) which can be modiﬁed upon crys-
tallization. Solid precipitates may, depending upon their
morphology, protect from or slow down refractory corrosion [13].
Phase equilibria for systems containing vanadium have been
reported in the literature for compositions typical of steelmaking
slags [14,15] and for the Al2O3–CaO–V2O3 system [16]. In order
to investigate phase stability of potential gasiﬁcation slag compo-
sitions, an equilibrium study of the Al2O3–CaO–FeO–SiO2–V2O3
system was ﬁrst conducted at 1500 C in 108 atm of oxygen par-
tial pressure in previous work with up to 9 wt.% V2O3 content [3].
Fluxes such as calcium-based and iron-based oxides have been tra-
ditionally used in industry to optimize gasiﬁer operations [17,18],
increasing calcium and/or iron contents in the resulting slags. Basi-
fying gasiﬁer slags would broaden refractory material choices as
more economical alternatives are available [19]. After a review of
Table 1 with potential additive agents considered, it is evident that
effective utilization of the full range of petcokes in the U.S. and
Canada require development of phase equilibria models containing
higher vanadium content at various calcium and iron oxide levels.Gas inlet
ce 
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Fig. 6. XRD patterns showing the effect of V2O3 (0–25 wt.%) at FeO  7 wt.%.
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J. Nakano et al. / Fuel 161 (2015) 364–375 367In this work, thermodynamic phase equilibria are determined
using synthetic slags with up to 27 wt.% vanadium oxide corre-
sponding to industrial coal–petcoke feedstock mixtures under sim-
ulated gasiﬁer conditions (1500 C and Po2  108 atm). In addition
to an evaluation of the vanadium-rich slags extending from the
previous study [3], the present work treated calcium oxide and
iron oxide as variables during the course of thermodynamic phase
investigation. The effects of these components on slag homogene-
ity and crystal formation in vanadium-bearing slags were then
analyzed. The goals of this work were to elucidate thermodynamic
phase equilibria in vanadium-containing slags and to develop
phase diagrams envisaging the thermodynamic nature of the
coal–petcoke mixed gasiﬁer slags – potential tools that can be used
in the gasiﬁcation community.(c) 
0 3 6 9 12 15
0
5
FeO (wt.%, bulk)
Fig. 8. Samples used in this work showing equilibrium phases for each composition
at (a) 6 wt.% CaO, (b) 13 wt.% CaO, and (c) 20 wt.% CaO.2. Materials and methods
2.1. Materials
Compositions of slag constituents studied in this work were
intended to simulate those from industrial coal–petcoke mixed
ash chemistries found in the U.S. and Canada. Al2O3, CaO, FeO,
SiO2, and V2O3 were the only slag constituents considered. To
reduce the number of dimensions created by the components
investigated, the weight ratio of SiO2/Al2O3 was kept constant at
2.23 from the average data shown in Fig. 1 while the CaO content
was ﬁxed to be one of 6, 13, and 20 wt.% (Fig. 2). This permits5-component phase diagrams to be presented on
two-dimensional Cartesian axes.
Reagent grade powders (Alfa Aesar) of Al2O3 (99.5%, <37 lm),
CaO (99.95%, <10 lm), Fe2O3 (99.945%, <5 lm), SiO2 (99.5%,
368 J. Nakano et al. / Fuel 161 (2015) 364–375<44 lm), and V2O3 (99.6%, <100 lm) were weighed and dry-mixed
by a tumble-mixer for 3 h. Sample compositions were analyzed by
inductively coupled plasma optical emission spectrometry (ICP–
OES) using a Perkin Elmer 7300 DV with a Teﬂon nebulizer and
Teﬂon Tracey spray chamber. Chemical analysis was performed
after equilibration tests (described in Section 2.2). Final slag com-
positions after equilibration tests are shown in Table 2 (normalized
to 100%). Uncertainty associated with the ICP–OES equipment was
reported to be within ±0.2%. The samples were grouped by CaO
contents; the ﬁrst group contained 6 wt.% CaO ± 0.73, the second
13 wt.% CaO ± 1.54, and the third 20 wt.% CaO ± 2.52. FeO contents
were varied from 1 to 14 wt.%. A compositional plane considered in
this work is located in an Al2O3–FeO–SiO2–V2O3 diagram with
ﬁxed CaO content as shown in Fig. 3.
In previous work [3], it was determined by thermodynamic cal-
culations that the dominant valence of iron and vanadium in gasi-
ﬁcation environments were 2+ and 3+, respectively. In this work,
FeO and V2O3 were therefore assumed to be the dominant forms
of iron and vanadium oxides in the slags under investigation.
2.2. Methods
The experimental setup for producing slag samples is schemati-
cally shown in Fig. 4. Samples (approximately 250 mg each) were
placed in cylindrical platinum crucibles (99.99%, 10 mm
D  7.5 mm H  0.05 mm T) on a high-density alumina boat
(99.8 wt.%), which was located in a uniform hot zone of a horizontal
tube resistance furnace (CMRapid Temp 1800, 7.3 cm ID  91 cm L)
with sealed ends cooled by runningwater. The alumina boat holding
the sampleswas placed on alumina rails formaneuverability during
quenching. A temperature deviation between the sample location
and furnace set point (i.e., sample temperature – furnace set point)
was found to be +34 C at 1500 C in the gas atmosphere used
(64 vol.% CO–36 vol.% CO2). An oxygen partial pressure of approxi-
mately 108 atm at 1500 C was predicted for a mixture of
64 vol.% CO–36 vol.% CO2 (from standard Gibbs free energies for
C(s) + 1/2O2(g) = CO(g) and CO2(g) = C(s) + O2(g) [20]). After placing the
samples in the tube furnace, end caps were afﬁxed to the tube30 um
Liquid 
Slag
30 um
Mullite
Liquid 
Slag
(a)
(c)
Fig. 9. Backscatter electron micrographs showing phase ﬁelds of (a) ‘liquid slag + karelian
in C6-2, and (d) ‘liquid slag’ in C6-8. (Light contrast near crystal edges was artiﬁcially creensuring that the system was gas tight. Using a constant ﬂow of
the gas mixture at 30 ml/min, the furnace temperature increased
from room temperature to 800 C at 100 C/h and from 800 C to
1534 C at 44 C/h. Slow heating above 800 Cwas practiced tomin-
imize potential agitation and foaming of the slags. The sampleswere
equilibrated at a sample temperature of 1500 C ± 0.8 C for 72 h. An
equilibration length for the present study was determined based on
the previous work that dealt with similar compositions and condi-
tions [3,21]. A time temperature transformation (TTT) diagram
showed a crystal formation in a vanadium slag (19.2Al2O3–
7.5CaO–13.2Fe2O3–2.4K2O–43.9SiO2–13.7V2O3 by mass) occurred
within 40 s at 1500 C in Po2 = 108 atm [21]. Rapid kinetics in the
liquid state was also supported by higher ﬂuidity in vanadium-
bearing coal–petcoke slags at 1200–1450 C in Po2 = 1011 to
109 atm [9]. Dong et al. [22] reported that 20 h temperature holds
were long enough to attain equilibrium at 1500 C and Po2 = 108 to
1010 atm in a low-V2O3, high-CaO slag system (Al2O3–CaO–MgO–
SiO2–V2O3) by investigating formation uniformity over time. John-
ston [23] found 70 h was required at 1100 C and Po2 = 101 to
1017 atm to achieve phase equilibrium when evaluating SiO2-rich
systems (Fe2O3–Na2O–SiO2–V2O3). However, very low basicity in
these systems generally indicates high viscosity in molten slags.
The lower temperature used in Johnston’s work also induced higher
viscosity and slower diffusivity in comparison with 1500 C.
Because of the time variations needed in past research to obtain
equilibrium, 72 hwas assumed to be sufﬁcient to attain equilibrium
in the presentwork. After the furnacewas purgedwith Ar (99.999%)
at 400 ml/min for 3 min at the end of the equilibration, the samples
were quickly removed from the furnace and dumped into a bucket
of water (approximately 20 C). The time taken for the quench pro-
cedure (from opening of the end cap to sample-water contact) was
less than 30 s. The time taken for quench (from samples out of the
furnace tube to water contact) was approximately 1 s.
Quenched slags were carefully removed from the platinum cru-
cibles so that potential inclusion of platinum residues into the
samples was minimized. Approximately 100–180 mg of each sam-
ple was ground into ﬁne powder by high density alumina mortar
and pestle for powder X-ray diffractometry (XRD) and ICP–OES30 um
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Liquid 
Slag
Karelianite
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Liquid 
Slag
(b)
(d)
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J. Nakano et al. / Fuel 161 (2015) 364–375 369chemical analysis. Crystal phases in the quenched slag mixtures
were analyzed by powder X-ray diffractometry (XRD) using a
Rigaku Ultima IV XRD spectrometer (Cu Ka, 40 kV, 40 mA, 7–
80), and by scanning electron microscopy with wavelength dis-
persive spectroscopy (SEM–WDX) using a JEOL-7000F microscope
and an Oxford INCA WAVE spectrometer.0
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Phases identiﬁed by XRD and SEM–WDX are shown in Table 2
along with the sample compositions. In the samples studied, up
to two crystal phases (mullite and karelianite) and one amorphous
phase were noted as in previous work [3]. The amorphous phase in
the quenched samples was assumed to be liquid slag prior to
quenching.
Representative XRD patterns of the equilibrated samples are
shown in Figs. 5–7. Fig. 5 shows the general effect of FeO content
on slags containing no V2O3 where mullite was only noted in com-
positions containing up to 8.1 wt.% FeO in vanadium-free slags. The
effect of V2O3 is shown for 7 wt.% FeO in Fig. 6 and for 10 wt.% FeO
in Fig. 7. Small amounts of vanadium content resulted in karelian-
ite formation in the slags. No mullite was observed in slags at
10 wt.% FeO in Fig. 7. Note platinum residues from the platinum
crucibles were detected in some samples (indicated with arrows
in Figs. 5–7).
Slag samples studied in this work are presented on FeO–V2O3
coordinates in Fig. 8. Phases identiﬁed at each composition by
XRD and SEM–WDX are marked with symbols. Four distinct equi-
libria with molten slag, karelianite, and mullite were identiﬁed for
slags containing 6 wt.% CaO while only two with molten slag and
karelianite were noted for slags containing 13 and 20 wt.% CaO.
SEM backscatter electron images of slag samples indicating dif-
ferent equilibria are presented in Fig. 9. Four regions were identi-
ﬁed in slags with 6 wt.% CaO including (a) a region where
karelianite and mullite coexist in liquid slag; (b) a region where
only karelianite exists in liquid slag; (c) a region where only mul-
lite exists in liquid slag; and (d) no crystal exists in liquid slag. No
clear evidence was noted to show any heterogeneous relationship
between karelianite and mullite from SEM analysis (C6-3, 4, 6, and
14). Their nucleation seems to be independent of each other.0
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Fig. 10. Proposed isothermal phase diagrams of the Al2O3–CaO–FeO–SiO2–V2O3
slag system at 1500 C in Po2  108 atm for (a) 6 wt.% CaO, (b) 13 wt.% CaO, and (c)
20 wt.% CaO. Secondary axes represent approximate respective concentrations in
bulk slag.4. Discussion
4.1. Phase equilibria
From XRD and SEM–WDX analyses (Fig. 8), four distinct phase
ﬁelds involving amorphous slag, mullite (orthorhombic), and/or
karelianite (rhombohedral) were identiﬁed in the samples studied.
No crystals were noted at low V2O3 and high FeO contents. Mullite
crystals were present below 9 wt.% FeO in slags with the lowest
CaO content (6 wt.%). At higher CaO contents (13 and 20 wt.%),
mullite was not present at any FeO contents. The karelianite crystal
was found at all CaO and FeO contents with as low as 2 wt.% V2O3.
At low CaO and FeO contents (6 wt.% and <8 wt.%, respectively),
karelianite tended to coexist with mullite in slags if V2O3 content
exceeded 2 wt.%. Typical crystal morphology representing each of
these four phase ﬁelds is shown in Fig. 9.
Clear phase boundaries were present between these features
allowing borders to be drawn separating realms of common ther-
modynamic phase equilibria (Fig. 10). The sensitivity of the border
locations was evaluated with respect to relative characteristics
from XRD and SEM analyses. Relative XRD peak intensities were
assumed to correspond to crystal fractions while
two-dimensional area fractions on SEM micrographs were
Fig. 11. Change in constituent concentrations of karelianite at 1500 C in Po2 = 108 atm with respect to (a) CaO/SiO2, (b) FeO, (c) Al2O3, and (d) V2O3 content in the liquid slag.
Table 3
Elemental phase compositions by SEM–WDX in 6CaO samples, averaged from multiple locations (average 3.6 locations) per phase in each sample. Fe2+ and V3+ were assumed for
iron and vanadium.
Sample Phases Elemental By oxygen stoichiometry
at.% wt.%
Al Ca Fe Si V O Al2O3 CaO FeO SiO2 V2O3
C6-1 Mullite 28.68 0.03 0.13 9.33 0.00 61.83 71.91 0.08 0.45 27.56 0.00
Liquid slag 11.01 2.35 2.36 21.02 0.00 63.27 26.41 6.20 7.97 59.43 0.00
C6-2 Mullite 29.15 0.04 0.10 8.95 0.00 61.76 73.10 0.11 0.35 26.44 0.00
Liquid slag 10.84 2.44 2.26 21.17 0.00 63.29 26.01 6.44 7.66 59.89 0.00
C6-3 Mullite 25.50 0.05 0.09 9.45 3.06 61.87 61.73 0.14 0.32 26.96 10.87
Liquid slag 10.31 2.79 2.02 20.60 1.11 63.16 24.47 7.30 6.77 57.60 3.87
Karelianite 6.12 0.08 0.93 0.13 32.91 59.82 10.91 0.16 2.34 0.28 86.30
C6-4 Mullite 24.61 0.03 0.05 9.48 3.93 61.88 59.06 0.09 0.18 26.82 13.86
Liquid slag 10.28 2.69 0.93 21.35 1.20 63.54 24.78 7.13 3.17 60.66 4.25
Karelianite 5.63 0.09 0.50 0.18 33.68 59.92 10.03 0.18 1.25 0.39 88.16
C6-5 Liquid slag 9.92 2.00 2.08 17.57 5.73 62.70 22.64 5.00 6.65 47.13 18.59
Karelianite 4.51 0.04 1.51 0.15 34.07 59.72 7.91 0.08 3.73 0.31 87.96
C6-6 Mullite 25.41 0.02 0.08 9.26 3.39 61.83 61.30 0.06 0.28 26.33 12.03
Liquid slag 9.77 2.69 1.84 19.64 3.04 63.03 22.86 6.88 6.04 53.98 10.25
Karelianite 3.95 0.06 1.35 0.56 34.26 59.83 6.98 0.11 3.35 1.15 88.41
C6-7 Liquid slag 10.33 2.59 2.28 16.31 6.22 62.29 23.24 6.34 7.09 43.48 19.86
Karelianite 4.35 0.06 1.35 0.12 34.39 59.74 7.64 0.11 3.33 0.24 88.68
C6-8 Liquid slag 10.01 2.35 3.13 21.34 0.00 63.17 23.75 6.13 10.46 59.66 0.00
C6-9 Liquid slag 9.49 2.89 2.38 18.43 4.20 62.64 21.65 7.24 7.63 49.60 13.88
Karelianite 3.78 0.10 2.26 0.17 34.12 59.57 6.57 0.18 5.53 0.35 87.25
C6-10 Liquid slag 9.23 2.43 3.49 16.38 6.38 62.09 20.47 5.97 10.85 42.82 19.88
Karelianite 3.49 0.07 2.84 0.12 34.05 59.44 6.04 0.13 6.92 0.24 86.67
C6-11 Liquid slag 10.72 3.44 4.20 17.37 2.32 61.94 24.21 8.54 13.34 46.24 7.67
Karelianite 3.16 0.07 2.05 0.11 35.01 59.60 5.48 0.13 5.01 0.22 89.17
C6-12 Liquid slag 10.68 2.63 3.70 18.00 2.66 62.33 24.34 6.59 11.86 48.33 8.89
Karelianite 4.69 0.07 1.63 0.10 33.85 59.69 8.24 0.12 4.02 0.20 87.42
C6-13 Liquid slag 9.79 1.50 3.13 18.64 4.14 62.80 22.32 3.75 10.00 50.09 13.84
Karelianite 4.89 0.06 2.64 0.12 32.81 59.48 8.58 0.12 6.52 0.23 84.54
C6-14 Mullite 26.25 0.02 0.06 8.19 3.85 61.62 62.98 0.06 0.21 23.16 13.59
Liquid slag 9.64 2.61 1.03 22.10 0.92 63.69 23.30 6.95 3.51 62.97 3.27
Karelianite 5.14 0.15 0.61 0.97 33.09 60.04 9.20 0.30 1.53 2.08 86.90
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Table 4
Elemental phase compositions by SEM–WDX in 13CaO samples, averaged frommultiple locations (average 3.6 locations) per phase in each sample. Fe2+ and V3+ were assumed for
iron and vanadium.
Sample Phases Elemental By oxygen stoichiometry
at.% wt.%
Al Ca Fe Si V O Al2O3 CaO FeO SiO2 V2O3
C13-1 Liquid slag 9.64 5.69 0.81 19.98 1.18 62.70 22.76 14.80 2.69 55.64 4.10
Karelianite 2.78 0.14 0.66 0.11 36.47 59.86 4.82 0.27 1.61 0.22 93.10
C13-2 Liquid slag 9.24 4.71 0.84 21.94 0.00 63.28 22.28 12.48 2.87 62.38 0.00
C13-3 Liquid slag 7.71 6.08 2.58 14.07 8.47 61.08 16.49 14.23 7.70 35.50 26.08
Karelianite 2.20 0.22 1.53 0.11 36.27 59.68 3.79 0.41 3.72 0.23 91.86
C13-4 Liquid slag 9.74 6.49 0.69 19.06 1.64 62.37 22.79 16.68 2.29 52.58 5.65
Karelianite 2.05 0.24 0.57 0.12 37.15 59.86 3.55 0.46 1.39 0.25 94.35
C13-5 Liquid slag 9.27 5.02 2.02 16.06 5.82 61.80 20.79 12.26 6.30 42.53 18.12
Karelianite 2.64 0.16 1.21 0.10 36.15 59.75 4.57 0.30 2.94 0.21 91.99
C13-6 Liquid slag 12.76 4.50 1.30 15.60 3.88 61.96 29.25 11.34 4.20 42.14 13.08
Karelianite 2.66 0.15 1.19 0.12 36.13 59.76 4.61 0.27 2.90 0.24 91.98
C13-7 Liquid slag 9.61 6.77 4.44 13.41 5.32 60.44 20.51 15.87 13.24 33.83 16.55
C13-8 Liquid slag 9.45 5.46 0.70 20.42 1.11 62.85 22.41 14.24 2.35 57.11 3.88
Karelianite 3.06 0.15 0.55 0.14 36.22 59.89 5.32 0.30 1.35 0.28 92.76
C13-9 Liquid slag 10.70 5.72 1.32 16.16 4.28 61.82 24.28 14.21 4.21 43.29 14.01
Karelianite 3.67 0.20 0.91 0.12 35.31 59.80 6.42 0.38 2.24 0.24 90.73
C13-10 Liquid slag 10.44 6.37 4.02 13.40 5.16 60.60 22.55 15.06 12.15 34.10 16.14
Karelianite 2.50 0.18 3.03 0.10 34.82 59.38 4.30 0.33 7.33 0.20 87.86
C13-11 Liquid slag 12.61 5.54 1.46 18.16 0.00 62.23 29.90 14.44 4.88 50.77 0.00
C13-12 Liquid slag 9.02 6.22 0.76 20.07 1.31 62.61 21.22 16.09 2.54 55.62 4.54
Karelianite 2.14 0.23 0.70 0.15 36.93 59.84 3.69 0.44 1.72 0.31 93.84
C13-13 Liquid slag 9.80 5.32 3.04 19.60 0.00 62.25 22.81 13.57 9.89 53.73 0.00
C13-14 Liquid slag 8.25 6.52 3.61 14.66 6.06 60.91 17.66 15.36 10.88 37.01 19.05
Karelianite 2.20 0.24 5.19 0.16 33.27 58.94 3.74 0.46 12.40 0.32 83.09
C13-15 Liquid slag 10.71 5.43 1.93 15.02 5.38 61.53 23.83 13.24 6.02 39.43 17.48
Karelianite 3.48 0.24 1.55 0.17 34.90 59.68 6.07 0.45 3.79 0.34 89.35
Table 5
Elemental phase compositions by SEM–WDX in 20CaO samples, averaged frommultiple locations (average 3.6 locations) per phase in each sample. Fe2+ and V3+ were assumed for
iron and vanadium.
Sample Phases Elemental By oxygen stoichiometry
at.% wt.%
Al Ca Fe Si V O Al2O3 CaO FeO SiO2 V2O3
C20-1 Liquid slag 10.29 8.70 0.50 18.63 0.00 61.89 24.20 22.50 1.65 51.65 0.00
C20-2 Liquid slag 6.87 7.92 1.96 11.99 10.84 60.42 14.32 17.95 5.69 29.48 32.56
Karelianite 1.94 0.23 1.11 0.42 36.48 59.82 3.37 0.44 2.71 0.87 92.62
C20-3 Liquid slag 11.21 6.72 1.25 18.68 0.00 62.14 26.45 17.44 4.17 51.95 0.00
C20-4 Liquid slag 10.34 8.96 0.52 17.20 1.45 61.54 23.85 22.74 1.70 46.81 4.90
C20-5 Liquid slag 7.99 9.23 0.57 17.29 3.43 61.50 18.17 22.82 1.81 46.16 11.06
Karelianite 1.69 0.21 0.48 0.10 37.64 59.88 2.91 0.40 1.18 0.20 95.32
C20-6 Liquid slag 10.28 7.69 1.34 15.07 4.41 61.21 22.93 18.86 4.22 39.59 14.40
Karelianite 1.60 0.17 0.89 0.08 37.46 59.80 2.75 0.33 2.17 0.15 94.61
C20-7 Liquid slag 8.86 9.96 0.64 17.18 2.05 61.32 20.14 24.91 2.04 46.06 6.85
Karelianite 1.65 0.31 0.56 0.11 37.52 59.85 2.85 0.59 1.36 0.23 94.98
C20-8 Liquid slag 8.98 8.25 2.09 18.95 0.00 61.72 20.73 20.92 6.81 51.55 0.00
C20-9 Liquid slag 7.09 8.74 2.22 14.58 6.65 60.72 15.17 20.51 6.67 36.76 20.89
Karelianite 1.71 0.22 1.57 0.08 36.77 59.66 2.93 0.41 3.78 0.16 92.71
C20-10 Liquid slag 10.04 8.34 1.02 17.19 1.85 61.57 23.01 21.02 3.28 46.42 6.22
C20-11 Liquid slag 6.95 7.52 2.80 12.17 10.20 60.37 14.33 17.05 8.13 29.58 30.90
Karelianite 1.90 0.42 3.18 0.19 35.01 59.32 3.24 0.79 7.65 0.37 87.96
C20-12 Liquid slag 8.68 11.30 2.42 15.30 1.98 60.31 19.10 27.35 7.49 39.65 6.41
C20-13 Liquid slag 6.35 9.51 4.26 9.91 10.74 59.23 12.64 20.81 11.94 23.24 31.38
Karelianite 1.71 0.21 2.92 0.07 35.70 59.39 2.92 0.39 7.01 0.14 89.53
J. Nakano et al. / Fuel 161 (2015) 364–375 371assumed to indicate phase fractions. Three isothermal sections at
1500 C in Po2 = 108 atm corresponding to ﬁxed CaO bulk con-
tents (6, 13, and 20 wt.%) were then constructed. Fig. 10 shows
the isothermal phase diagrams on axes normalized to Al2O3, FeO,
SiO2, and V2O3. The secondary axes represent approximate bulk
compositions [uncertainty = <0.1 wt.% for (a), ±0.2 wt.% for (b),
and ±0.4 wt.% for (c)]. In the present work, ‘bulk’ is deﬁned as the
whole sample including liquid slag and any crystals present, and
its chemistry represents the whole sample composition before
any normalization.In Fig. 10(a), directions of the boundary between the ‘liquid
slag + karelianite’ and the ‘liquid slag + mullite + karelianite’ regions
and the location of the boundary between the ‘liquid slag’ and the
‘liquid slag + mullite’ regions are closely determined by experimen-
tal points. This suggests that a metastable extension from the
boundary separating the ‘liquid slag’ region and the ‘liquid
slag + mullite’ region falls within the ‘liquid slag + karelianite’
region. Schreinemaker’s metastable extensions rule [24] then ﬁxes
the directions of the phase boundaries so that a metastable exten-
sion of the boundary between the ‘liquid slag’ and the ‘liquid
Fig. 12. Change in constituent concentrations of mullite at 1500 C in Po2 = 108 atm with respect to (a) CaO/SiO2, (b) FeO, (c) Al2O3, and (d) V2O3.
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Fig. 13. Solubility of V2O3 in liquid slag as (a) bulk in the whole slag composition range and (b) grouped by CaO levels. Fitted lines are to show general trends and not
necessarily intended as theoretically expected paths.
372 J. Nakano et al. / Fuel 161 (2015) 364–375slag + karelianite’ regions falls within the ‘liquid slag + mullite’
region, implying the liquid slag stability increaseswith FeO content.
Crystal-free slags, for which higher ﬂuidity may be expected,
tend to be present at low V2O3 content. The slag homogeneity
region expands with higher CaO and/or FeO content. In order to
minimize the crystal formation in gasiﬁer slags, more than 8 wt.%
FeO is needed at 6 wt.% CaO, or any FeO contents at or above
13 wt.% CaO. Viscosity of liquid slag may decrease with increasing
V2O3 content, but excessive amounts would cause karelianite
crystals to precipitate and may increase the viscosity of the slag
mixture [7,10,18].4.2. Phase composition modiﬁcations with slag chemistry
Fig. 11 indicates concentrations of karelianite constituents with
respect to liquid slag constituents. Compositions of the phases, as
determined by SEM–WDX, are summarized in Tables 3–5 (normal-
ized to 100%). Concentrations were determined by normalizing
oxide based compositions after conversion from metal basis analy-
sis by WDX. An oxidation state of each metal was assumed to be
Al3+, Ca2+, Fe2+, Si4+, and V3+. Al, Fe, and V cations share octahedral
sites of the rhombohedral structure and O anions are located at
tetragonal sites. A sublattice model of karelianite in this work
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Fig. 14. A contour map of V2O3 solubility in liquid slag with respect to bulk CaO and
FeO content. Clustering phenomenon of karelianite at each composition is also
shown (refer to Section 4.4).
J. Nakano et al. / Fuel 161 (2015) 364–375 373therefore can be expressed as (Al3+, Fe2+, V3+)2(O2, Va)3 where Va
stands for vacancy.
In the sample compositions studied, the V concentration in
karelianite rapidly increased with increasing liquid slag basicity
(hereafter deﬁned as CaO/SiO2) while decreasing Al concentration.
Karelianite puriﬁcation (V rich) may be enhanced by increasing
the basicity. With increasing Al2O3 and FeO, respective
thermodynamic activities in liquid slag increased, promoting Al
and Fe, respectively, to replace V atoms in the karelianite crystal.
Only slight increases in Fe and V concentrations were noted with
increasing V2O3 content in liquid slag. Limited Fe doping in kare-0 
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Fig. 15. Karelianite crystal size with FeO at ﬁxed CaO contents. Corresponding backscatte
are to show general trends and not necessarily intended as theoretically expected pathslianite can be attributed to its dominating valence being Fe2+
instead of Fe3+ due to the partial pressure of oxygen assigned in
this work. By stoichiometry, atomic percentages were converted
to weight percentages of the oxides assumed to be most stable in
the samples. It was found that by increasing CaO content in liquid
slag, the average V concentration in karelianite increased from
33.8 at.% (at 6 wt.% CaO) to 36.9 at.% (at 20 wt.% CaO). Average Al
and Fe concentrations, on the other hand, decreased from 4.5 at.%
and 1.6 at.% (at 6 wt.% CaO) to 1.7 at.% and 1.3 at.% (at 20 wt.%
CaO), respectively.
Mullite has the orthorhombic structure and forms a solid solu-
tion with Al2O3 and SiO2. Al2O3 content in mullite increases with
increasing temperature and may reach 77.2 wt.% at 1890 C [25].
Schneider [26] reported incorporation of transition metals into
mullite. Fe3+ and V3+ were among the species with the greatest dis-
solution in mullite whereas Fe2+ belonged to a group with the low-
est incorporation in mullite. As V3+ replaced Al3+, up to 9 wt.% V2O3
was found in mullite. SiO2 content in mullite was not found to
affect vanadium doping [26]. A sublattice model of mullite in this
work can be expressed as (Al3+, Fe2+, V3+)6(Si4+)2(O2, Va)13 where
Va stands for vacancy.
Fig. 12 shows dependence of concentrations of Al, Fe, and V
in mullite determined in this work. Fe incorporation was limited
likely due to its dominant oxidation state being 2+ in the current
atmosphere. Increasing basicity rapidly decreased Al concentra-
tion in mullite while increasing Si concentration to a lesser
extent. This isothermally decreased the Al/Si ratio (in at.%) from
3.08 at a basicity of 0.10 to 2.70 at a basicity of 0.13. Al concen-
tration in mullite increased and V concentration in mullite
decreased with increasing FeO content in liquid slag. Negligible
effects were noted with Al2O3 and V2O3 content in the liquid
slag. In this work, up to 3.93 at.% V (14 wt.% V2O3) incorporation
in mullite was found (C6-4).9 12 15 
, bulk) 
r electron micrographs for low FeO and high FeO content are also shown. Fitted lines
.
300 um
Karelianite
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Liquid 
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Fig. 17. Backscatter electron micrograph showing clustering behavior of karelianite
particles (C6-14).
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Solubility of V2O3 in liquid slag is an important measure to indi-
cate the quantity of vanadium from petcoke ash that remains in
the molten form. As vanadium is the key component to precipitate
karelianite crystals causing potential ﬂow and clogging issues in
gasiﬁers, it is essential to control V2O3 solubility in liquid slag by
ﬂuxes such as calcium oxide-based and iron oxide-based additives
[17,18]. The slags studied in this work showed that V2O3 solubility
in liquid slag increased with increasing basicity Fig. 13(a). Plots
shown for different CaO concentrations in Fig. 13(b) present simi-
lar slopes to one another, indicating the effect of basicity on V2O3
solubility is not inﬂuenced by CaO concentrations considered.
Based on the present experimental data, a contour map show-
ing the effects of CaO and FeO on V2O3 solubility was generated
using data analysis computer software, ORIGIN [27] as shown in
Fig. 14. At 1500 C in Po2 = 108 atm, the effect of FeO on dissolving
vanadium is maximized around 17 wt.% CaO, which only requires
5 wt.% FeO to achieve the highest V2O3 dissolution level in the pre-
sent liquid slags (>30 wt.%). Smaller effects of FeO were found
above and below 17 wt.% CaO, with that at 6 wt.% CaO being the
smallest. Note the V2O3 solubility in liquid slag may be used as
an indicator for karelianite-free slag, however, high vanadium con-
tent in slag promotes karelianite precipitation due to an increase in
its activity. Phase diagrams in Fig. 10 should be therefore referred
to in order to predict compositions for slags to be free of crystals.
4.4. Karelianite crystal size and morphology
By measuring particle diameters (widest and shortest dis-
tances) of >10 crystals per sample and averaging them, karelianite
crystal size distributions were studied. Larger crystal sizes were
found as slag compositions move away from liquidus on the
isothermal sections, i.e., higher V2O3 bulk concentration. Karelian-
ite crystal size also increased with FeO content (Fig. 15). This effect
was enhanced with higher CaO content. Fig. 16 shows a contour
map of karelianite crystal size with respect to basicity and FeO con-
tent in bulk slag based on the present experimental data. The map
implies that crystal growth may be controlled by varying basicity
at any FeO content. At low basicity, however, karelianite crystals
tend to remain smaller than 35 lm at all the FeO contents studied.
Rapid diffusion in the liquid state may have resulted from the
lower viscosity of high basicity and FeO-rich liquid slag. This would
result in larger crystals which were kinetically promoted. Crystal
size, in addition to crystal concentration in a bulk slag, may inﬂu-
ence the slag viscosity and its ﬂow nature (speed, refractory inter-0 3 6 9 12 15
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karelianite crystal sizes.action, etc.) in a gasiﬁer, which may be optimized by controlling
the basicity and FeO content.
Clustering behavior of karelianite particles was observed for
low FeO content slags (Fig. 17). Karelianite formed in slags with
low FeO content tended to form clusters. Karelianite clustering
was primarily noted in the slags exhibiting the coexistence of mul-
lite, which was, however, never found to be physically attached to
karelianite in the samples studied. The clustering phenomenon
plotted along with V2O3 solubility in Fig. 14 shows a strong
correlation with FeO content. Karelianite particles were more dis-
persed with higher FeO content. It is not certain how clustering
inﬂuences the slag viscosity in a gasiﬁer if it would occur in com-
mercial slags. In an industrial gasiﬁer, the liquid slag ﬂows and
equilibrium may not be attained within a given residence time.
Further studies are therefore needed to establish correlation.
5. Conclusions
Synthetic slags (Al2O3–CaO–FeO–SiO2–V2O3) with up to 27 wt.%
vanadium oxide, corresponding to industrial coal–petroleum coke
feedstock blends, were equilibrated in a simulated gasiﬁer environ-
ment at 1500 C with an oxygen partial pressure of approximately
108 atm. Based on characterization of these slags following
quenching, isothermal phase diagrams were proposed. With
increasing CaO content, FeO content, or both contents, the homo-
geneous slag region expanded and composition ranges exhibiting
crystals were reduced. Mullite was not present in the slags con-
taining more than 8.1 wt.% FeO, while karelianite always existed
if a sufﬁcient amount of vanadium was present in the slag. Kare-
lianite crystal sizes increased with higher CaO and FeO contents,
which may inﬂuence the slag viscosity and thus the slag ﬂow
nature.
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